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ABSTRACT
Prompted by the increasing interest of axion-like particles (ALPs) for very-high-energy
(VHE) astrophysics, we have considered a full scenario for the propagation of a VHE
photon/ALP beam emitted by a BL Lac and reaching us in the light of the most
up-to-date astrophysical information and for energies up to above 100 TeV. During
its trip, the beam – generated in a small region of a BL Lac jet – crosses a variety
of magnetic structures in very different astronomical environments: the BL Lac jet,
the host elliptical galaxy, the extragalactic space and the Milky Way. We have taken
an effort to model all these magnetic fields in the most realistic fashion and using a
new model developed by us concerning the extragalactic magnetic field. Assuming an
intrinsic spectrum with a power law exponentially truncated at a fixed cut-off energy,
we have evaluated the resulting observed spectra of Markarian 501, the extreme BL Lac
1ES 0229+200 and a similar source located at z = 0.6 up to above 100 TeV. We obtain
interesting results: the model with photon-ALP oscillations possesses features (spectral
energy oscillatory behaviour and photon excess above 20 TeV) which can be tested by γ-
ray observatories like CTA, HAWC, GAMMA 400, LHAASO, TAIGA-HiSCORE and
HERD. In addition, our ALP can be detected in dedicated laboratory experiments
like the upgrade of ALPS II at DESY, the planned IAXO and STAX experiments, as
well as with other techniques developed by Avignone and collaborators.
Key words: astroparticle physics – BL Lacertae objects: general – galaxies: jets –
radiation mechanisms: non-thermal – γ-rays: galaxies
1 INTRODUCTION
Everybody knows that the atmosphere is fully opaque to
gamma rays. While this is good for us – otherwise life would
be impossible on Earth – for many years it has been re-
garded as a stumbling block for gamma-ray observations
from the ground. Only about twenty years ago or so has
it been realized that the atmospheric opacity can be an op-
portunity for ground-based gamma-ray observations in the
very-high-energy band (VHE, 100GeV . E . 100 TeV). Ba-
sically, the idea is as follows. When a VHE photon com-
ing from a blazar – AGN with a jet occasionally point-
ing towards us – strikes the atmosphere, it gives rise to a
very energetic shower including charged particles and sec-
ondary photons. Because the charged particles have a speed
slightly higher than the velocity of light in the atmosphere,
they produce a flash of violet Cherenkov light about 8
km above the Earth. Such a Cherenkov light can be ob-
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served with one or more 10 meter class telescopes, and from
the shape of the shower and the specific properties of the
Cherenkov light one can infer both the energy and the ar-
rival direction of the primary photon by means of the Imag-
ing Atmospheric Cherenkov Telescopes (IACTs). Nowadays,
three of them are operative: H.E.S.S. (High Energy Stereo-
scopic System) (HESS website), MAGIC (Major Atmo-
spheric Gamma Imaging Cherenkov Telescopes) (MAGIC
website) and VERITAS (Very Energetic Radiation Imaging
Telescope Array System) (VERITAS website), which have
detected blazars out to redshift z ' 0.9 and reach energies at
most up to O(10 TeV). But the upcoming CTA (Cherenkov
Telescope Array) – consisting of about fifty IACTs in the
south site and about thirty IACTs in the north site – will
be able to probe the whole VHE band with great sensitivity
and full sky coverage (CTA website).
Unfortunately, this kind of observations suffer from
another sort of opacity: the extragalactic background light
(EBL). This is the infrared/optical/ultraviolet light emitted
by the whole population of galaxies during their cosmic evo-
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lution (for a review, see Dwek 2013). As a consequence, a
VHE photon of energy E can scatter off an EBL photon of
energy  , thereby producing an e+e− pair according to the
Breit-Wheeler process γ + γ → e+ + e− (Breit & Wheeler
1934; Heitler 1960). It can be shown that for VHE photons
the corresponding cross-section becomes maximal just in the
energy range where the EBL dominates (Gould & Schre´der
1967). So, what happens is that the optical depth increases
with both z and E (Fazio & Stecker 1970), thereby progres-
sively more and more limiting the observations at VHE as
either z or E (or both) get larger and larger (for an updated
quantitative account, see De Angelis, Galanti & Roncadelli
2013).
A partial way out of this difficulty was first proposed in
2007 in terms of photon-ALP oscillations in the extragalac-
tic space (De Angelis, Roncadelli & Mansutti 2007). ALPs
are axion-like particles – whose properties will be summa-
rized below – but the main point is that they totally avoid
EBL absorption. In 2008, a complementary possibility has
been put forward: photon-to-ALP conversion inside a blazar
and ALP-to-photon reconversion in the Galaxy (Simet,
Hooper & Serpico 2008).
The aim of this Paper is to contemplate all the magnetic
environments at once crossed by the photon/ALP beam –
blazar jet, host galaxy, extragalactic space and Milky Way –
so as to provide the most accurate description as possible ac-
cording to the present state of the art. A first attempt along
the same direction has been done in 2009 (Sa´nchez-Conde et
al. 2009), using however some simplistic assumptions in the
lack of a better knowledge: in this field the progress since
2009 has really been impressive.
As a matter of fact, we identify six points that can and
should be improved.
• The magnetic field in the blazar jet should be described
by an analytic model rather than by a domain-like one as
in Sa´nchez-Conde et al. (2009).
• Rather than assuming some value for the photon-ALP
conversion probability as in Sa´nchez-Conde et al. (2009),
we compute it in terms of realistic values of the relevant
parameters.
• New bounds on the model parameters have been de-
rived.
• The photon dispersion on the CMB – whose relevance
has been realized in 2015 (Dobrynina, Kartavtsev & Raf-
felt 2015) – plays a crucial role in the description of the
extragalactic photon/ALP beam propagation in order to
deal with energies up to above 100 TeV, as required by the
next generation of gamma-ray detectors (more about this,
towards the end of the Paper).
• The EBL model has been improved in 2017 (Frances-
chini & Rodighiero 2017).
• The Galactic magnetic field has been modeled in con-
siderable detail by Jansson & Farrar (2012a,b).
Thus, we will evaluate the total VHE photon survival
probability within the full scenario, namely from the ori-
gin in the BL Lacs jet, during the propagation inside the
jet, within the host galaxy and the extragalactic space, and
finally inside the Milky Way to us by taking the above six
points into account. In addition, assuming a realistic emitted
spectrum for three BL Lacs – Markarian 501, 1ES 0229+200
and a similar source located at z = 0.6 – we derive the ob-
served spectrum up to above 100 TeV.
2 GENERAL FEATURES OF AXION-LIKE
PARTICLES (ALPS)
As we said, a key-role is played in our considerations by
axion-like particles (ALPs). They are attracting growing in-
terest, especially because they are a natural prediction of
superstring theories (for a review, see Jaeckel & Ringwald
2010; Ringwald 2012). Let us very cursorily recall their most
relevant properties (more about them in Galanti & Ron-
cadelli 2018a,b).
They are spin-zero, neutral and extremely light pseudo-
scalar bosons. As far as our purposes are concerned, they
are described by the Lagrangian
LALP = 12 ∂
µa ∂µa − 12 m
2
a a
2 + gaγγ aE · B , (1)
where E and B denote the electric and magnetic components
of the electromagnetic tensor Fµν and a stands for the ALP
field. Moreover, the two-photon coupling of a – namely gaγγ
– is totally unrelated to the ALP mass ma.
We shall henceforth consider a photon/ALP beam of
VHE E which propagates from a BL Lac towards us along
the y direction, in the presence of an external magnetic field
B which depends on the considered environment. So, the
mass matrix of the γ − a system is off-diagonal (the electric
field E in Eq. (1) pertains to a propagating VHE photon).
As a consequence, the propagation eigenstates differ from
the interaction eigenstates: hence γ ↔ a oscillations take
place, since ALPs have no chance to decay since for values
of ma to be considered below the time for the process a →
γ + γ is much longer than the age of the Universe (Sikivie
1984; Anselm 1985; Raffelt & Stodolsky 1988). Because E is
orthogonal to the photon momentum k, only the component
BT of B – transverse to k – couples to a.
When B is strong – like in the case of the jet of BL
Lacs – also the one-loop QED vacuum polarization must
be taken into account, which is described by the effective
Lagrangian (Raffelt & Stodolsky 1988; Heisenberg & Euler
1936; Weisskopf 1936; Schwinger 1951)
LHEW = 2α
2
45m4e
[(
E2 − B2
)2
+ 7 (E · B)2
]
, (2)
where α is the fine-structure constant and me is the electron
mass. Note that LHEW holds true for E  me (Dobryn-
ina, Kartavtsev & Raffelt 2015). In addition, for weak mag-
netic fields – namely the ones permeating extragalactic space
O(1 nG) (more about this later) – and for E & O(10 TeV)
the photon dispersion on the cosmic microwave background
(CMB) plays a leading role (Dobrynina, Kartavtsev & Raf-
felt 2015), and we will include it (the rationalized system
with natural units will systematically be employed).
From Eqs. (1) and (2) it is possible to derive the prop-
agation equation for the photon/ALP beam. Actually, since
(as we shall see) we will be dealing with the situation
ma  E, such an equation reduces to a Schro¨dinger-like
equation with time replaced by y (Raffelt & Stodolsky 1988):
see e.g. Galanti & Roncadelli (2018a); De Angelis, Galanti
& Roncadelli (2011) to which we refer the reader for more
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details. Thus, the photon/ALP beam is formally described
as a three-level (Ax(y), Az (y) and a(y)) non-relativistic un-
stable quantum system, where Ax(y) and Az (y) denote the
photon amplitudes with polarization along the x and z axis,
respectively, while a(y) is the amplitude associated with the
ALP. Accordingly, the most important quantity which quan-
tifies the beam propagation is the transfer matrix of the
Schro¨dinger-like equation, which will be referred to as U: it
is the solution U(E; y, y0) such that U(E; y0, y0) = 1.
2.1 Parameter space
Before plunging into our analysis, it is obviously compelling
to know the allowed ranges of the two photon coupling gaγγ
and the ALP mass ma.
A thorough discussion of the various bounds delimit-
ing the allowed parameter space is contained in Galanti &
Roncadelli (2018b), and here we merely report the relevant
ones.
• gaγγ < 0.66 · 10−10 GeV−1 for ma < 0.02 eV at the 2σ
level from the lack of detection of ALPs coming from the
Sun (Anastassopoulos et al. 2017) and from stellar evolution
of certain stars in globular clusters (Ayala et al. 2014).
• gaγγ . 5·10−12 GeV−1 for 5·10−10 eV . ma . 5·10−9 eV at
the 2σ level from observations of the Perseus cluster (Ajello
et al. 2016).
• gaγγ . 5.3 · 10−12 GeV−1 for ma . 4.4 · 10−10 eV
from the lack of detection of gamma-rays from supernova
SN1987A (Payez et al. 2015).
We take into account the first bound. The second bound
can be met provided that we assume ma = O(10−10 eV)1. Be-
cause of the strong criticism discussed in great detail else-
where (Sa´nchez-Conde et al. 2009; Galanti & Roncadelli
2018b), we do not trust the third bound. In any case, we
have tried to restrict our model to the third bound2 and the
effects and features discussed below qualitatively remain.
Thus, in order to be specific we choose as benchmark
values gaγγ = 10−11 GeV−1 and ma = O(10−10 eV).
3 PHOTON-ALP BEAM PROPAGATION
In this section we study the propagation of the photon/ALP
beam starting at the BL Lac jet base up to its arrival at the
Earth.
3.1 Photon/ALP beam propagation in the jet
We denote by RVHE the region where the VHE photons orig-
inate inside the BL Lac jet, letting yVHE be its distance from
the central black hole (BH). So, our first step is to evaluate
the transfer matrix over the jet region Rjet between yVHE and
the end of the jet yjet, which we denote asURjet (E; yjet, yVHE).
Here, we closely follow our results concerning the same
1 Our results are not strongly affected by the value of ma so
that we prefer to give for ma an order of magnitude in order to
maintain generality.
2 In this fashion it is possible to take ma ∼ 4.5 · 10−10 eV avoiding
limitations on gaγγ .
problem as derived in a previous Letter (Tavecchio, Ron-
cadelli & Galanti 2015). We start by recalling that the region
RVHE is rather far from the central BH, and the jet axis is
supposed to coincide with the direction y. In order to eval-
uate the photon/ALP beam propagation inside the jet we
must know three quantities: 1) the distance yVHE from the
central BH, 2) the transverse magnetic field profile BT,Rjet (y)
from yVHE to yjet, 3) the electron density profile ne,Rjet (y)
from yVHE to yjet. Realistic values for these quantities can
be derived from Synchrotron Self Compton (SSC) diagnos-
tics as applied to the spectral energy distribution (SED)
of BL Lacs (Tavecchio et al. 2010a). Inside RVHE we get
BT,RVHE = (0.1 − 1)G and in order to be definite we choose
BT,RVHE = 0.5G. Moreover, we find ne,RVHE ' 5 · 104 cm−3,
leading in turn to a plasma frequency of ωpl ' 8.25 · 10−9 eV.
Although there is no direct way to infer a precise value of
yVHE, we can estimate it from the size of RVHE – which is
assumed to be a measure of the jet cross-section – thus find-
ing yVHE = (1016 − 1017) cm. For definiteness, we shall take
yVHE ' 3 · 1016 cm. Once produced, VHE photons propagate
unimpeded out to yjet ' 1 kpc where they leave the jet, en-
tering the host galaxy. More specifically, within Rjet what
is relevant is the toroidal part of the magnetic field which
is transverse to the jet axis (Begelman, Blandford & Rees
1984; Ghisellini & Tavecchio 2009; Pudritz, Hardcastle &
Gabuzda 2012). Its profile reads
BT,Rjet (y) = BT,RVHE
(
yVHE
y
)
. (3)
Concerning the electron density profile, due to the conical
shape of the jet our expectation is
ne,Rjet (y) = ne,RVHE
(
yVHE
y
)2
. (4)
By knowing the above quantities, it is possible to calcu-
late the entire propagation process of the photon/ALP beam
within the jet, namely URjet (E; yjet, yVHE).
Some remarks are in order. In the first place, we have
provided a detailed modeling of the magnetic field in a
BL Lac jet, which greatly differs from the domain-like
one employed in the original full scenario for PKS 2155-
304 (Sa´nchez-Conde et al. 2009). Moreover, we stress that
in Rjet we consider the photon/ALP beam in a frame co-
moving with the jet, so that we must apply the transforma-
tion E → γE to the beam in order to go to a fixed frame –
as we will do in the next regions – with γ being the Lorentz
factor. We take γ = 15.
3.2 Photon/ALP beam propagation in the host
galaxy
All the three considered blazars are hosted by an elliptical
galaxy, which we denote by Rhost. According to the common
wisdom, the magnetic field inside them is turbulent and de-
scribed by a domain-like model with average strength B '
5 µG and coherence length Ldom ' 150 pc (Moss & Shukurov
1996). As we have shown elsewhere (Tavecchio, Roncadelli,
Galanti & Bonnoli 2012), its effect on the photon/ALP beam
is totally negligible – since the γ ↔ a oscillation length is
much larger than Ldom – and so we ignore it. Therefore, de-
noting by yin,host ≡ yjet and by yout,host the points on the y
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axis where the beam enters and exits from the host galaxy,
respectively, we have URhost (E; yout,host, yin,host) = 1.
3.3 Photon/ALP beam propagation in the
extragalactic space
We let Rext be the region where the photon/ALP beam prop-
agates in the extragalactic space, i.e. from yout,host up to the
border of the Milky Way yMW. Clearly, the beam behaviour
in Rext is affected by the morphology and strength of the ex-
tragalactic magnetic field Bext. Unfortunately, almost noth-
ing is known about it, and several configurations for Bext
have been proposed (Kronberg 1994; Grasso & Rubinstein
2001; Wang & Lai 2016; Masaki, Aoki & Soda 2019). Cur-
rent limits restrict Bext to the range 10−7 nG ≤ Bext ≤ 1.7 nG
on the scale of O(1Mpc) (Neronov & Vovk 2010; Durrer &
Neronov 2013; Pshirkov, Tinyakov & Urban 2016).
According to the current wisdom, Bext is modeled as a
domain-like network, in which Bext is assumed to be homo-
geneous over a whole domain of size Ldom equal to its coher-
ence length, with Bext changing randomly and discontinu-
ously its direction from one domain to the next but keeping
approximately the same strength (Kronberg 1994; Grasso &
Rubinstein 2001). We remark that this scenario relies upon
outflows from primeval galaxies, further amplified by turbu-
lence (Rees & Setti 1968; Hoyle 1969; Kronberg, Lesch &
Hopp 1999; Furlanetto & Loeb 2001). Common benchmark
values are Bext = O(1 nG) on a coherence length O(1Mpc),
thereby implying that the size of the magnetic domains is
Ldom = O(1Mpc). A careful analysis of the motivation be-
hind this model has been provided in Galanti & Roncadelli
(2018a). In order to be definite, we choose Bext = 1 nG.
What about the above unphysical jumps of Bext across
the domain edges? As discussed in great detail in Galanti
& Roncadelli (2018a), what ultimately matters is the γ ↔ a
oscillation length losc. Somewhat schematically, the situation
can be summarized as follows.
• So long as losc  Ldom, the standard model for Bext as
outlined above is perfectly viable. This is the typical situ-
ation encountered so far, since presently operating IACTs
reach at most energies up to E = O(10 TeV), for which we
indeed have losc  Ldom. We stress that one of its advan-
tages is that the beam propagation equation inside a single
domain is very easy to solve.
• But in this Paper we are interested in energies up to
above 100 TeV, and this fact brings about a big difference.
As mentioned previously, for E & O(10 TeV) the photon dis-
persion on the CMB (Dobrynina, Kartavtsev & Raffelt 2015)
becomes dominant, and it must be include into our scenario.
Moreover, it has been shown that – because of such an ef-
fect – losc decreases as E increases, and in particular it is
found that losc . O(1Mpc) for E & O(40 TeV) (Galanti &
Roncadelli 2018b; Kartavtsev, Raffelt & Vogel 2017).
As a consequence, a more accurate domain-like model
for Bext has to be developed, in which the variation of Bext
is smooth when passing from a domain to the next (Galanti
& Roncadelli 2018a; Kartavtsev, Raffelt & Vogel 2017). Al-
though there are many ways to implement such an idea, a
linear smoothing of the domain edges seems the simplest pos-
sibility, which has been worked out in full detail in Galanti
& Roncadelli (2018a). We denote by σ the smoothing pa-
rameter which measures the path that the photon/ALP
beam spends in the smoothed region of a single domain: e.g.
σ = 0.2 means that the beam propagates in the constant
angle region for 80% of its path and in the smoothly varying
angle region for 20%. In order to be definite, we shall take
σ = 0.2. We also let the length of Ldom vary according to
a power law distribution function ∝ L−1.2dom inside the range
0.2Mpc−10Mpc, so that 〈Ldom〉 = 2Mpc – which is in agree-
ment both with the considered physical scenario and with
the present bounds (Durrer & Neronov 2013).
Finally, we emphasize that – because of the random
direction of Bext in every domain – the photon/ALP beam
propagation becomes a stochastic process, and so what we
actually observe is only a single realization of that process.
Coming back to photon/ALP beam propagation in Rext,
it is discussed within the theoretical framework developed
in Galanti & Roncadelli (2018a,b), where the most recent
data about the extragalactic background light (EBL) are
employed (Franceschini & Rodighiero 2017). Incidentally, a
somewhat different approach (Kohri & Kodama 2017) has
been based on the EBL model obtained by the CIBER ex-
periment (Matsuura et al. 2017). Accordingly, we denote by
URext (E; yMW, yout,host) the corresponding transfer matrix of
the photon/ALP beam.
Owing to γ ↔ a oscillations, photons acquire a split per-
sonality: when they propagate like true photons they suffer
EBL absorption, but when they propagate as ALPs absorp-
tion is totally absent. As a result, the effective optical depth
τALP(E, z) is smaller than in conventional physics. The gist
of the argument is that the photon survival probability is
now
PALPγ→γ(E, z) = exp
[− τALP(E, z)] , (5)
and even a small decrease of τALP(E, z) produces a large in-
crease of PALPγ→γ(E, z) as compared to conventional physics.
3.4 Photon/ALP beam propagation in the Milky
Way
We denote by RMW the region where the photon/ALP beam
propagates inside the Milky Way, i.e. from yMW up to the
Earth, whose position is denoted by y⊕.
We compute URMW (E; y⊕, yMW) by closely following the
strategy described in Horns et al. (2012). Specifically, in or-
der to take into account the structured behaviour of the
Galactic magnetic field BMW we adopt the recent Jans-
son and Farrar model (Jansson & Farrar 2012a,b), which
includes a disk and a halo component, both parallel to
the Galactic plane, and poloidal ‘X-shaped’ component at
the galactic center. Its latest updated version is described
in Unger & Farrar (2019), where newer polarized syn-
chrotron data and use of different models of the cosmic ray
and thermal electron distribution are exploited.
The other model of the Galactic magnetic field existing
in the literature is the one by Pshirkov, Tinyakov, Kron-
berg & Newton-McGee (2011): however, this model is based
mainly on data along the Galactic plane so that the Galactic
halo component of BMW is not determined with accuracy.
For this reason we prefer to use the Jansson and Farrar
model. In any case, we have tested the robustness of our
MNRAS 000, 1–11 (2019)
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findings by employing also this model and even if with some
little modifications our results are qualitatively unchanged.
While the Jansson and Farrar model allows also for a
random and a striated component of the field, it turns out
that only the regular component is relevant in the present
context, since the γ ↔ a oscillation length is much larger
than the coherence length of the turbulent field.
Inside the Milky Way disk the electron number den-
sity is ne ' 1.1 · 10−2 cm−3, resulting in a plasma frequency
ωpl ' 3.9 · 10−12 eV: this emerges from a new model for
the distribution of the free electrons in the Galaxy (Yao,
Manchester & Wang 2017). The Galaxy is modeled by an
extended thick disk accounting for the so-called warm inter-
stellar medium, a thin disk standing for the Galactic molec-
ular ring, spiral arms (inferred from a new fit to Galactic
HII regions), a Galactic Center disk and seven local features
counting the Gum Nebula, the Galactic Loop I and the Lo-
cal Bubble. The model includes an offset of the Sun from the
Galactic plane and a warp of the outer Galactic disk. The
Galactic model parameters are obtained by fitting to 189
pulsars with independently determined distances and DMs.
Thanks to this procedure, we can compute
URMW (E; y⊕, yMW) for an arbitrary direction of the
line of sight to a given blazar.
3.5 Overall photon survival probability
Once all transfer matrices in each region are known, the
total transfer matrix U describing the propagation of the
photon/ALP beam from the VHE photon production region
in the BL Lac jet up to the Earth reads
U(E; y⊕, yVHE) = URMW (E; y⊕, yMW) × (6)
URext (E; yMW, yout,host)URhost (E; yout,host, yin,host) ×
URjet (E; yin,host, yVHE) ,
where of course we have yin,host ≡ yjet. Since photon polar-
ization cannot be measured in the VHE gamma-ray band,
we have to treat the beam as unpolarized. Therefore, we
must use the generalized polarization density matrix ρ(y) =
(Ax(y), Az (y), a(y))T ⊗ (Ax(y), Az (y), a(y)). As a consequence,
the overall photon survival probability takes the form
PALPγ→γ
(E; y⊕, ρx, ρz ; yVHE, ρunp) = (7)∑
i=x,z
Tr
[
ρiU
(E; y⊕, yVHE) ρunpU† (E; y⊕, yVHE) ] ,
where ρx ≡ diag (1, 0, 0), ρz ≡ diag (0, 1, 0) and ρunp ≡
diag (0.5, 0.5, 0). Below – merely for notational convenience
– we shall replace PALPγ→γ
(E; y⊕, ρx, ρz ; yVHE, ρunp) simply by
PALPγ→γ
(E, z).
In order to give the reader a feeling of what happens
in the various regions crossed by the photon/ALP beam,
in Figure 1 we plot how the oscillation length losc varies
with the energy E in the jet, in the extragalactic space and
in the Milky Way. As the upper panel of Figure 1 shows
the behaviour of losc versus E is strongly affected by the
value of BT,Rjet (y): we observe that as expected (see Eq. (21)
of Galanti & Roncadelli 2018a) as BT,Rjet (y) decreases (when
the distance from the emission region increases) the maximal
value of losc grows and the energy where the QED vacuum
polarization effect is important grows as well. Instead, in the
Figure 1. Behaviour of the oscillation length losc versus the
observed energy E in the various regions crossed by the pho-
ton/ALP beam. The upper panel refers to the propagation in-
side the jet: in this case losc strongly depends on the value of
BT ,Rjet (y) at different distances from the emission region. We
plot losc at (i) the emission distance y = yVHE = 3 · 1016 cm
(solid line), (ii) y = 10 yVHE = 3 · 1017 cm (dashed line) and (iii)
y = 100 yVHE = 3 · 1018 cm (dotted line). In the central panel we
draw the behaviour of losc versus E in the extragalactic space
while in the lower panel the behaviour of losc versus E in the
Milky Way.
central panel of Figure 1 we observe that in the extragalactic
space losc starts to decrease because of the effect of the pho-
ton dispersion on the CMB which becomes more and more
important as E grows (for more details see Galanti & Ron-
cadelli 2018b). In the lower panel of Figure 1 we see that in
the Milky Way losc is almost constant as respect to E since
the QED vacuum polarization effect and that of the photon
dispersion on the CMB are subdominant as respect to the
photon-ALP mixing one in almost all the considered energy
range.
4 BLAZAR SPECTRA
Starting from the intrinsic spectra, we are now in position to
use the overall photon survival probability in order to derive
the observed spectra of some blazars – Markarian 501, 1ES
0229+200 and a similar source located at z = 0.6 – and from
them to infer the corresponding SED νFν in the presence
of γ ↔ a oscillations all the way from inside the blazar to
us. We can thus compare our findings with the results from
conventional physics.
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As a preliminary step, we define the (intrinsic or ob-
served) blazar photon spectrum as
F (E) ≡ dN
dtdAdE , (8)
where N is the VHE photon number and dA is an infinitesi-
mal area.
For the three considered blazars, we model their intrin-
sic spectrum with a power law exponentially truncated at a
fixed cut-off energy Ecut as
Fint(E) = F0
( E
E0
)−k
e−E/Ecut , (9)
where F0 is a normalization constant accounting for the
blazar luminosity, E0 is a reference energy and k is a spec-
tral index. By means of PALPγ→γ in Eq. (7) the observed blazar
spectrum turns out to be
Fobs(E) = PALPγ→γ
(E) Fint(E) . (10)
In Eq. (7) we use our benchmark values of the free parame-
ters, namely gaγγ = 10−11 GeV−1, BT,RVHE = 0.5G, Bext = 1 nG
and ma = O(10−10 eV).
Before proceeding further, we recall that the SED is
related to Fobs(E) by
νFν = E2 Fobs(E) . (11)
The observable physical quantity is the blazar spectrum
pertaining to a single random realization of the photon/ALP
propagation process. Nevertheless, it is enlightening to eval-
uate several realizations at once and to compute some of
their statistical properties – the median and the area con-
taining the 68%, 90% and 99% of the total number of real-
izations – in order to check the stability of the result against
the distribution of the Bext orientation angles and of Ldom,
which are indeed the independent random variables.
• Markarian 501 – Markarian 501 is a high-frequency
peaked blazar (HBL) observed in the sky at RA :
16 h 53m52.2 s and DEC : +39 d 45m37 s at a redshift
z = 0.034. We use the observational data points from
HEGRA (Aharonian et al. 2001) in a condition where
Markarian 501 was observed in a high emission state, thereby
allowing us to have a very good description of its spectrum
up to ∼ 30 TeV. This fact is important for testing our model,
since at such high energies it starts to give different predic-
tions with respect to conventional physics. In Figure 2 we re-
port its observed SED both when only conventional physics
is considered and when γ ↔ a oscillations are at work. In
order to obtain the SED we take Ecut = 10 TeV, E0 = 1 TeV
and k = 1.8 in Eq. (9).
• 1ES 0229+200 – 1ES 0229+200 is a BL Lac observed
in the sky at RA : 02 h 32m48.6 s and DEC : +20 d 17m17 s at
a redshift z = 0.1396. 1ES 0229+200 is the prototype of the
so-called ‘extreme HBL’ (EHBL) (Bonnoli, Tavecchio, Ghis-
ellini & Sbarrato 2015; Costamante et al. 2018) which shows
a rather hard VHE observed spectrum up to at least 10 TeV.
This fact is particularly interesting since the observed data
points at such high energies allow to distinguish between
different models (conventional physics versus photon-ALP
oscillations). Future observations with the CTA that can
eventually reach energies up to 100 TeV could give a defini-
tive answer. In Figure 3 we plot its observed SED both when
only conventional physics is taken into account and in the
case in which also γ ↔ a oscillations are present. The SED
is obtained by taking in Eq. (9) Ecut = 30 TeV in the case
of conventional physics and Ecut = 10 TeV when γ ↔ a os-
cillations are taken into account, E0 = 1 TeV and k = 1.4
(k is in agreement with the one derived for the Fermi/LAT
spectrum in the recent analysis of Costamante et al. 2018).
• Extreme BL Lac at z = 0.6 – BL Lacs have been ob-
served also at redshift z ≥ 0.6: we assume the existence of
an EHBL at a redshift z = 0.6. For this blazar we suppose a
SED similar to the one of 1ES 0229+200 which is the pro-
totype of EHBLs so that we take Ecut = 30 TeV, E0 = 1 TeV
and k = 1.4 in Eq. (9). We consider two cases: 1) we imagine
that such BL Lac is observed in the sky along the direction
of the galactic pole: in Figure 4 we plot its observed SED
both when only conventional physics is considered and in
the case in which also γ ↔ a oscillations are present; 2) we
hypothesize that the same BL Lac is instead observed in the
sky along the direction of the galactic plane: in Figure 5 we
exhibit the corresponding observed SED according to con-
ventional physics and when γ ↔ a oscillations are taken into
account.
5 RESULTS
Figures 2-5 show our results about the SED of the above-
considered BL Lacs. As a general outcome, we get that the
γ ↔ a oscillations allow for a harder observed spectra for all
sources as compared with the results of conventional physics.
In particular, this fact becomes more and more evident as E
or z (or both) increase.
We infer from our findings that γ → a conversions inside
the magnetic field of the BL Lac jet can be very important
in order to start the propagation in the extragalactic space
with a certain amount of already produced ALPs: its rel-
evance depends both on E and on z. This point is rather
subtle and deserves a clear explanation. Superficially, one
might expect PALPγ→γ(E, z) to increase with gaγγ, in line with
physical intuition. This is certainly true as long as the EBL
does not play an important role, namely for E and z low
enough. Needless to say, γ → a conversions and a→ γ back-
conversion in the BL Lac and in the Milky Way help in-
creasing PALPγ→γ(E, z), but not that much. Consider next the
situation in which both gaγγ and z are fairly large but E is
not, so that photon dispersion on the CMB can be neglected.
In such a situation the conversion probability gets enhanced
to such an extent that inside a single magnetic domain many
γ → a and a→ γ conversions take place. But since z is sup-
posed to be rather large the EBL level is high, which causes
most of the photons to be absorbed. Such a behaviour is
very clearly exhibited in Figures 4 and 5 around E ' 3 TeV.
As the energy increases, photon dispersion on the CMB be-
comes dominant: now a much smaller number of γ → a
and a→ γ conversions occurs in the extragalactic space. As
a consequence, most of the ALPs produced in the BL Lac
survive until they enter the Galaxy, whose strong magnetic
field allows them to convert to photons. This fact explains
the peak in Figures 4 and 5 around E = (10 − 30)TeV. From
all the figures we observe that as E progressively increases
beyond 70 TeV the area covered by the various realizations
of the photon/ALP propagation process gradually reduces.
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Figure 2. Behaviour of the observed SED of Markarian 501 versus the observed energy E. The dotted-dashed black line corresponds to
conventional physics, the solid light-gray line to the median of all the realizations of the photon/ALP propagation process and the solid
yellow line to a single realization with a random distribution of the domain lengths and of the orientation angles of the extragalactic
magnetic field. The dotted green line is the intrinsic SED and the dashed red line represents the CTA sensitivity for the South site and 50
h of observation. The filled area is the envelope of the results on the percentile of all the possible realizations of the propagation process at
68% (dark blue), 90% (blue) and 99% (light blue), respectively. The light gray squares are the spectrum detected by HEGRA (Aharonian
et al. 2001).
The reason for this fact is that the EBL absorption is so
high at those energies that almost all the photons in each
extragalactic magnetic field domain are absorbed and only
the ones reconverted from ALPs inside the Galaxy are ob-
served (as previously mentioned). As a result, the parameter
space of the model (Bext orientation angles, domain lengths
Ldom) gets reduced, and this fact decreases the available area
that can be covered by the realizations of the propagation
process.
In all the figures we report the CTA sensitivity for the
South site and 50 h of observation. Since the sensitivity
curve is based on conservative criteria (Bernlo¨hr et al. 2013;
Acharyya et al. 2019) we expect that the theoretical spectral
features (e.g. the peak in Figures 4 and 5 around E ∼ 20 TeV)
which are close to the sensitivity curve should anyhow be de-
tectable by the CTA.
6 CONCLUSIONS
In this Paper, we have studied the propagation of a pho-
ton/ALP beam originating well inside a BL Lac jet and trav-
eling in the jet magnetic field, in the host galaxy magnetic
field, in the extragalactic magnetic field, and in the Milky
Way magnetic field up to us. We observe from Markarian
501 (see Figure 2) that conventional physics hardly fits the
two highest energy points of the SED while the model in-
cluding γ ↔ a oscillations naturally matches the data. For
1ES 0229+200 (see Figure 3) the model including γ ↔ a
oscillations fits well the data, especially concerning the last
highest energy data point of the SED. As it is evident from
Figures 4 and 5 – as the redshift increases – at high energies
the difference between the results from conventional physics
alone, and the model including γ ↔ a oscillations becomes
more and more dramatic. This is even more the case when
MNRAS 000, 1–11 (2019)
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Figure 3. Same as Figure 2 but for 1ES 0229+200. The dark gray squares are the spectrum detected by Fermi/LAT (Vovk, Taylor,
Semikoz & Neronov 2012) while the light gray squares are the spectrum observed by HESS (Aharonian et al. 2007).
sizable γ → a conversions take place inside a blazar, since
then most of the emitted ALPs can become photons only
inside the strong Milky Way magnetic field. In particular,
for very distant BL Lacs we predict a peak in the energy
spectra at E = (10 − 30)TeV as it is evident from Figures 4
and 5. In addition, the energy oscillations in the observed
spectrum – clearly recognizable in the Figures – are a clear-
cut feature of our scenario, which can be observed provided
that the detector has enough energy resolution: they arise
from the photon dispersion on the CMB.
A competitive scenario capable to reduce the optical
depth is the Lorentz invariance violation (LIV) which could
predict a somehow similar peak in the BL Lac spectra above
∼ 20 TeV (Stecker & Glashow 2001; Tavecchio & Bonnoli
2016). In any case, the two scenarios can in principle be
distinguished since the LIV does not predict any spectral
energy oscillatory behaviour.
At this point some remarks are compelling.
• The jet parameters (yVHE, BT,RVHE) are affected by un-
certainties, and the amount of produced ALPs in this re-
gion clearly depends on such quantities. Nevertheless, we
have checked that the final spectra qualitatively possess the
above-mentioned features regardless of the choice of the jet
parameters, provided of course that they are realistic.
• Even if we consider very low values of the extragalac-
tic magnetic field – namely Bext  10−9 G – the considered
model predicts the same features even if partially reduced,
in particular concerning the amplitude of the energy oscilla-
tions. However, the peak in the spectra at E = (10 − 30)TeV
remains unaffected at high redshift.
• The electromagnetic cascade proposed to mimic
photon-ALP oscillation effects in blazar spectra (Dzhat-
doev, Khalikov, Kircheva & Lyukshin 2017) can work only
for Bext . O(10−15 G), which is indeed quite close to the
Bext lower limits (Neronov & Vovk 2010; Durrer & Neronov
2013; Pshirkov, Tinyakov & Urban 2016). Still, for Bext &
O(10−15 G) the charged particles produced in the cascade
are deflected by Bext and the resulting additional photon
flux turns out to be totally irrelevant (for more details, see
e.g. Tavecchio et al. 2010b).
• For E & 100 TeV the infrared radiation from dust
present inside the Milky Way could play a moderate role in
absorbing photons (Vernetto & Lipari 2016). But this effect
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Figure 4. Same as Figure 2 but for a BL Lac at z = 0.6 in the case of observation of the BL Lac along the direction of the galactic pole.
is irrelevant for us and can be safely discarded. The reasons
is as follows. The absorption is substantial only inside the
Galactic plane and a few degrees above and below it, and
so only ALPs converted to photons in the Galactic plane
close to the outer border of the Milky Way disk fully un-
dergo such an effect. As a matter of fact, two points should
be be stressed. 1) For the line of sight to the blazar outside
the galactic plane the considered effect is fully negligible.
2) Even for photons in the photon/ALP beam entering the
Milky Way along the Galactic plane the γ ↔ a oscillations
reduces photon absorption, thereby making it negligible.
Taking into account the above-mentioned remarks, our
predictions are of great importance for the new genera-
tion of gamma-ray observatories like CTA (Cherenkov Tele-
scope Array) (CTA website), HAWC (High-Altitude Wa-
ter Cherenkov Observatory) (HAWC website), GAMMA
400 (Gamma-Astronomy Multifunction Modules Appara-
tus) (GAMMA 400 website), LHAASO (Large High Alti-
tude Air Shower Observatory) (LHAASO website), TAIGA-
HiSCORE (Tunka Advanced Instrument for Gamma-ray
and Cosmic ray Astrophysics-Hundred Square km Cosmic
ORigin Explorer) (TAIGA-HiSCORE website) and HERD
(High Energy cosmic-Radiation Detection) (Huang et al.
2016), which can test our model and eventually make a
first indirect detection of an ALP with properties similar to
the ones described in this Paper. We plan to perform dedi-
cated simulations in order to test whether energy oscillations
around 500GeV−2 TeV in BL Lac spectra are detectable with
the CTA, along with the photon excess at 10 − 30 TeV.
Still, this is not the end of the story. Because our ALP
has mass ma = O(10−10 eV) and assuming that indeed gaγγ '
10−11 GeV−1, it can be directly detected in the laboratory
within the next few years, thanks to the upgrade of ALPS
II at DESY (Ba¨hre et al. 2013), the planned IAXO (Irastorza
et al. 2011; Armengaud et al. 2019) and STAX (Capparelli
et al. 2016) experiments, as well as with other techniques
developed by Avignone and collaborators (Avignone 2009;
Avignone, Crewick & Nussinov 2009, 2011). Moreover, if the
bulk of the dark matter is made of ALPs they can also be de-
tected by the planned ABRACADABRA experiment (Kahn,
Safdi & Thaler 2016).
Finally, we plan to consider a much larger number of
blazars – both observed and simulated – in a more complete
and systematic forthcoming publication.
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Figure 5. Same as Figure 2 but for a BL Lac at z = 0.6 in the case of observation of the BL Lac along the direction of the galactic
plane.
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